Abstract. Digital elevation models (DEM) are widely used to determine characteristics of mass movement processes such as accumulation and deposition of material, volume estimates or the orientation of discontinuities. To create such DEMs point cloud data is provided by terrestrial laser scanning (TLS) and recently used for analysis of mass movements. Therefore the reliability of TLS data was investigated in a comparative study with tachymetry. The main focus was on the possibility of determining movement patterns of landslides <100 mm. Therefore, several post processing steps are needed and the reliability of those were analyzed. The post processing steps that were investigated include: (1) The registration process is a crucial step considering long term TLS monitoring of an object and can be significantly improved using an iterative closest point (ICP) algorithm; (2) Filtering methods are necessary to create DEMs in order to separate favored laser points on the terrain surface (ground points) from topographically irrelevant points (non-ground-points). Therefore GIS tools were applied. Surfaces with and without vegetation cover were differentiated; (3) Displacement vectors are used to determine slope movement rates. They were created from TLS data after the computation of true orthophotos.
Introduction
Landslides are a major natural hazard threatening the inhabitants of many mountainous regions. Population increase and extension of inhabited areas into potentially hazardous locations leads to a significant increase of potential losses in the case of a disaster (Oppikofer et al., 2008) . Therefore, landslides have been investigated in various ways.
Terrestrial laser scanning (TLS) is used as an observation method in hazard assessment (e.g. Biasion et al., 2005; Prokop, 2008) . Thereby, 3-D data from changing landscape surfaces is collected at different states to monitor hazardous processes. The point cloud data can be analyzed in various ways such as a point to point comparison (Oppikofer et al., 2008) or comparison after the creation of digital elevation models (DEM) (Abellan et al., 2006) . To monitor mass movements differences in structural characteristics can be investigated, such as accumulation and deposition behaviour of material (Prokop and Panholzer, 2007) , volume estimates or the orientation of discontinuities (Derron, et al., 2005) .
Various data sources have been used in the past to create such DEMs, including photogrammetry (Dewitte and Demoulin, 2005; Voyat, et al., 2006) or radar interferometry (Pieraccini et al., 2003) . While laser scanning provides 3-D information with greater density than alternative methods (Bitelli et al., 2004; Prokop and Panholzer, 2007) , data obtained using a terrestrial laser scanner is represented as unstructured and scattered accumulations of points. Therefore, intensive post-processing of the data is required. Various approaches of filtering data obtained from airborne laser scanning exist: auto-regressive process (Lindenberger, 1993) , mathematical morphology (Kilian et al., 1996) , method of smallest squares robust interpolation (Pfeifer et al., 1998) , convex-concave hull (Von Hansen et al., 1999) , procedures based on a triangulation of the DEM using local terrain slope as a filtering criterion (Axelsson, 2000; Vosselmann, 2000; Vosselmann and Maas, 2001) , gridding procedures determining a grid-DEM in a data pyramid by hierarchically including elevation values based on gradients (Wack and Wimmer, 2002; Sithole and Vosselmann, 2003) . However, data filtering always means a loss of data and sometimes of information. The quality of the DEM created depends on the method applied and the structure of the landscape (Hamrah et al., 2006) .
The relevance of such DEMs concerning the analysis of mass movement processes was investigated for airborne laser data (Schulz, 2007; Scheidl et al., 2008) . For the terrestrial approach an investigation of automated filtering methods concerning the accuracy of DEMs created and the interpretation of mass movement processes has yet to be completed, although TLS data has been used for monitoring mass movements, e.g. for rock falls (Biasion, et al., 2005; Mikos, et al., 2005; Voyat, et al., 2006; Oppikofer, et al., 2008) and for landslide masses (Hsiao, et al., 2003; Bitelli, et al., 2004) . The cited cases of mass movements involved large amounts of material moved by the process (movement rates >10 cm per investigated period). A thorough investigation of the laser data accuracy was therefore not necessary (most terrestrial laser scanners available on the market today measure ranges to objects of up to several hundred meters, with a single point accuracy of 1.4-15 mm at 50 m; Ingensand, 2006).
To be able to analyse the reliability, including post processing steps, of TLS data, it is necessary to perform the measurement with the greatest possible accuracy. The accuracy of TLS measurements in mountainous environments depends on several factors (Prokop, 2008b) . According to those factors it was necessary for the test site to meet (and it did meet) the following conditions:
1. The distance between the scanner position and the slope monitored is within a range of ∼100 m (expected accuracy of the measurement is within a range of 3 cm) An investigation of the accuracy of TLS data and applied post processing steps for DEM creation is needed for slow moving landslides (movement rates <10 cm per investigated period). Accuracy limitations in the creation of DEMs and interpretation of TLS data concerning movement patterns of landslides are discussed and case examples are presented. The results are evaluated against tachymetry measurements (a reliable alternative surveying method) and a comparative study is given. A point to point comparison of TLS data for mass movement analyses has already been investigated by Oppikofer et al. (2008) and is therefore not the subject of this paper.
The "Galierm" landslide
The test site, "Galierm" landslide ( Fig. 1) , is located northeast of the town of Schruns in the area of Montafon (Vorarlberg, Austria) above the bank of Litz stream (Fig. 1a) . The Montafon valley is located on the border between the northern limestone alps and the main core of the upper eastern alps, which arises in the crystalline bedrock of the Silvretta mountain ridge. In the area of the "Galierm" landslide there are gneisses including layers of white quarz.
A high water event at the Litz stream in 2005 ( 
Data acquisition
To monitor the movement patterns of the slope, the Riegl LMS z420i TLS device was used (http://www.riegl.com). For technical features of the device used see Table 1 . Between March 2006 and September 2007 six data acquisitions in a time interval of approximately 5 months using both measurement methods, terrestrial laser scanning and tachymetry, were executed to monitor the moving slope, "Galierm". An additional survey was conducted one day after the first acquisition of data to test the reproducibility of the measurements (reproducibility is defined as the closeness of two measurements regarding the same object carried out under different measurement conditions). The data acquisition steps included:
1. Location of a stable scanner position allowing reasonable angles of incidence on the target surface 2. Installation of a rigid geodetic network (red points in Fig. 1c ) allowing registration of both laser scanner position and tachymetry (registration is likely the most crucial step in long term TLS monitoring of an object, Prokop et al., 2008) . 3. Laser scanning process including image acquisition that is collected by cameras mounted on the scanning device to create orthophotos.
The whole test area was scanned by TLS using a point resolution of 3 cm at a distance of 100 m. The chosen resolution was slightly lower than the ideal point spacing of 86% of the beam width according to Lichti and Jamtsho (2006) due to the large amount of points per scan (approximately 5 000 000 points). Handling of point clouds consisting of a greater number of points is difficult when using GIS-tools.
To compare TLS with tachymetry, data targets (blue dots in Fig. 1c) were positioned within the test area and were measured by both methods. Furthermore, significant structures such as discernable rocks within the test area were selected, located and point measurements were executed by tachymetry using reflectors. For comparison, the position of the selected significant structures was identified within the laser data in a post processing step using orthophotos that were created.
Post processing
The data point cloud is heterogeneously distributed depending on the characteristics of the laser scanned target (e.g. different distances and angles of incidences). Furthermore vegetation and objects within the scanned area create points that do not belong to the ground surface of the investigated slope. After the creation of DEMs, post processing methods need to be established, which included the following steps for the Galierm landslide:
1. Registration using tie point targets (reflectors) of the geodetic network (red points in Fig. 1c) 2. Registration using iterative closest point (ICP) algorithm. The ICP algorithm is an iterative alignment algorithm that works in three phases: (1) establish correspondence between pairs of features in the two structures that are to be aligned based on proximity, (2) estimate the rigid transformation that best maps the first member of the pair onto the second and then (3) apply that transformation to all features in the first structure. These three steps are then reapplied until convergence is concluded (Besl and McKay, 1992) . The ICP algorithm tool used was provided by the laser scanner software RiScan Pro called "Multi station adjustment" (http://www.riegl.com). The algorithm works best with the use of plane surfaces. A number of 30 plane surfaces were available due to the presence of a concrete road close to the test area, which was very stable in contrast to the moving slope.
3. Data quality check: Reproducibility tests of fixed objects within the scan area were executed (reproducibility is defined as closeness of the results of two measurements taken from the same object carried out under different measurement conditions. In this case, the different conditions included variations in scanner set-up, atmospheric conditions, time of day and discrete registration). In case of scan misalignment with respect to each other, scans are sorted out allowing a maximum deviation of 2 cm.
4. Data filtering: Separation of laser points on the terrain surface (ground points) from the topographically irrelevant points (non-ground-points): Two methods were applied: (1) Operator based: Knowing the test area very precisely, the operator manually deletes irrelevant points using the software RiScan Pro. This method is very time-consuming. (2) Automated: GIS (ArcGIS 9.2) tools were used to filter the data. The following procedure was applied and can be seen in Fig. 2a: (a) Creation of inverse distance weighting (IDW) surfaces using 4 iteration steps, (b) Creation of a minimum surface followed by dilation (up-lift) of the minimum surface, (c) All points remaining under both surfaces are used for creation of the DEM. When creating the IDW and minimum surfaces the operator needs to defined a radius on the x,y plane as a basis for calculation to filter points on the height-axis. Differences in surface creation depending on the defined radius and the method applied can be seen in Fig. 2b and c. An example of a detail of the point cloud (tree including its measurement shadow) is shown for the two cases.
5. Interpolation and creation of DEMs: After using different types of geo-statistical methods involving GIS (ArcGIS 9.2) such as Kriging, Radial Basis Function, TO-POGRID and Natural Neighbour; Natural Neighbour was considered to be the optimal method concerning the existing sources (see also Hamrah et al., 2006) . The DEMs created were used for analyses.
6. Creation of orthophotos: Colour information from digital pictures was used to texture the surfaces of the DEMs within RiScan Pro. It is necessary to create orthophotos to locate the positions of the same points on different surface hulls. Those orthophotos are computed within the scanner software by triangulating the filtered point cloud with a surface, which is further textured by colour information from digital pictures. Those textured DEMs were used to identify significant structures within the test area for analyzing slope movements by creating displacement vectors.
Analyses and calculation of slope movement patterns
Analyses concerning the accuracy of TLS in comparison to tachymetry data were executed for 6 datasets monitoring the moving slope in the following manners (one dataset was sorted out due to missing quality, determined by the data quality check):
1. The two different registration methods (tie points and ICP algorithm) were compared (3-D accuracy of the measured points) 2. 30 reflecting targets within the test area were measured by both TLS and tachymetry. Their coordinates were compared and the deviation was computed (point to point comparison).
3. 30 significant points on structures were measured by tachymetry and were compared to DEMs created from TLS data. The shortest deviation between the tachymetry point coordinates and the created surface (DEM) was computed (point to surface comparison).
Furthermore data was distinguished between surfaces with or without vegetation cover and manually or automatically filtered TLS data.
4. As for analysis of slope movements, displacement vectors are of great interest, the sizes and directions (trend and plunge) of vectors can be compared. After locating the same points (e.g. stones and rocks) the change of their position between two monitoring activities is described by displacement vectors. If the direction of the vectors were constant the sizes of those vectors were then compared to the tachymetry measurement to validate the quality of laser data. The determination of direction deviations was excluded from this work, since the displacement direction of the landslide was obviously not known in advance. For analysing landslide movement patterns knowing the directions of movements is a crucial factor. Ensuing future work will focus on accuracy determination of variable displacement directions as mentioned by Abellan et al. (2009). 5. After DEM creation, erosion and deposition zones were detected by calculating differences in height (h-axis) or volume between two DEMs.
Results and discussion
Results of the accuracy of TLS measurements including post processing steps in comparison to tachymetry are shown in Table 2 . The tachymetry measurement acts as the reference system (error of the tachymetry measurements is <15 mm, as determined by reproducibility tests) and deviations of the TLS measurement are recorded. The first step was to analyse the registration process. The quality of the registration process could be improved by using an ICP algorithm leading to a reduction of the standard deviation could be reduced from 8 mm to 4 mm. It is important to mention that it was only possible to do that by using planar surfaces for running the ICP algorithm, such surfaces were provided by the geometry of a concrete road (Fig. 1) . When using natural ground surfaces, such as rocks or trees, the ICP algorithm did not substantially reduce the registration error due to difficulties in defining planar surfaces from the given point cloud geometries.
Furthermore, the coordinates of reflecting targets that were measured by both TLS and tachymetry were compared. As expected, deviation between the two methods is limited (mean: 9 mm, max: 17 mm). The error is explained by the less accurate TLS measurement and inaccurately finding the exact centre of the target within the scanner software. However, the advantage of TLS, especially in comparison to tachymetry, is the spatial information over the whole land slide area, rather than precise point information as provided by tachymetry. The deviations of the DEM created from TLS data with the tachymetry point measurements are computed. Four different cases of DEM creations are shown. The first two deal with surfaces without vegetation cover. In one case manual and in the other case automated filtering of the scan data is applied. The manually filtered DEM shows slightly smaller deviations (mean: 23 mm, max: 51 mm) than the automatically filtered DEM (mean: 37 mm, max: 63 mm). The deviations are explained by the interpolation process of the filtered but unstructured point cloud rather than by the filter process itself, since almost only ground points exist on such surfaces. However, a certain smoothing effect of the automatically filtered DEM surface is likely to produce the larger deviations.
In final two cases surfaces with vegetation cover were filtered by the two respective methods. The deviations from tachymetry measurements increased significantly. While manually filtered surfaces delivered reasonable deviations (mean: 51 mm, max: 88 mm), the automatic filter applied did not satisfy an accuracy limitation of <100 mm (mean: 127 mm, max: 1875 mm). The reason for this outcome is the reduced point density and more unstructured distribution of the point cloud in vegetation zones. The automatic filter (for creation of IDW-and a minimum surface) needs an operatordefined radius on the x, y plane as a basis for calculation to filter points on the height-axis. For creation of the final DEM this means that the available points for the filter calculation and definition of the radius size influence the final result.
Finally, the sizes of displacement vectors were analysed. No significant difference in the deviation between TLS and tachymetry between areas with or without vegetation is visible. This is explained by the fact that only areas with high point cloud density were used to create displacement vectors, because the same points on the surface were located in consecutive scans. The existing error (mean: 41 mm and 56 mm, max: 78 mm and 81 mm) is explained by the difficulty in locating exactly the same point on the surface of two consecutive orthophotos.
For the whole area and monitoring period, the erosion and deposition of material was mapped in Fig. 3 . To analyse the real mass balance of the slope, the point density must be taken into account. Figure 4 shows areas where the point density is low and the obtained DEM quality is uncertain (pink framed areas). This helps the operator make reliable conclusions about movement patterns. A volume of 124 m 3 eroded at area 1 (yellow framed area with middle point density quality) and 131 m 3 accumulated at area 2 (green framed area with high point density). All pink framed zones can be neglected due to low point density concerning slope movement patterns.
Conclusions
The capability of TLS to monitor slow moving landslides was assessed (movement rates <100 mm per period). In a comparative study with tachymetry, accuracy limitations were defined for a case example. The analyses included the process of registering the scanner position, raw data and post processed data delivered by TLS, which is a crucial step for considering long term TLS monitoring of an object. In the case presented, an ICP algorithm was applied to improve the registration process. The registration error could be reduced significantly. Comparing raw data from TLS (measurements were executed over distances of 100 m) to tachymetry the expected error due to decreased point accuracy of TLS measurements was approved (deviation <17 mm). The main focus of the presented investigation is the reliability of DEMs created from the TLS data concerning slope movement patterns. Filtering methods of point cloud data were investigated for slopes with and without vegetation cover. It can be concluded that if high accuracy is crucial for a monitoring project of slopes having vegetation cover, then manual filtering has advantages over automated filtering methods (mean deviation to tachymetry measurement: manually filtered: 51 mm, automated filtered: 127 mm). After analysis of the whole data set, including comparison of displacement vectors, it can be further concluded that using the presented methodology, including standard GIS tools for filtering applications, it is not possible to determine movement rates <50 mm per investigated period. However, if the point density (the basis for DEM creation) is analysed, reliable conclusions can be made regarding slope movement patterns and erosion and deposition of material.
